Reactive oxygen species (ROS) generated by ultraviolet (UV) irradiation are counterbalanced by endogenous antioxidant systems. To test the hypothesis of a novel photoprotective approach, we irradiated epidermis reconstructed with normal human keratinocytes overexpressing sustainably lentivirus-mediated catalase (CAT), copper/zinc superoxide dismutase (CuZnSOD) or manganese superoxide dismutase (MnSOD) enzymes. We found that following UVB irradiation there was a marked decrease in sunburn cell formation, caspase-3 activation and p53 accumulation in human reconstructed epidermis overexpressing CAT. Moreover, UVA-induced hypertrophy and DNA oxidation (8-oxodeoxyguanosine) were decreased by CAT overexpression. These effects were not achieved by overexpression of CuZnSOD or MnSOD. In conclusion, vector-mediated CAT overexpression could be a promising photoprotective tool against deleterious effects of UV irradiation such skin cancer especially in monogenic/polygenic photosensitive disorders characterized by ROS accumulation.
Introduction
The solar ultraviolet (UV) radiation reaching the earth's surface is the most important risk factor for the development of skin cancer. Non-melanoma skin cancer consists of basal cell carcinoma (BCC), the most prevalent form of skin cancer, and squamous cell carcinoma (SCC).
1,2 The rapid rising incidence of both BCC and SCC over the past decades, suggests that atmospheric ozone depletion may further increase these rate. Thus, there is a vital requirement to develop a strategy for prevention and therapy of skin cancer. Solar UV radiation includes UVC (200-280 nm), UVB (280-320 nm) and UVA (320-400 nm) light. Whereas UVC is absorbed by the atmospheric layer, UVA and UVB both function as initiator and promoter in photocarcinogenesis. 2 UVA, which is the major component of solar UV radiation, is poorly absorbed by DNA and affects various cell components such as activator protein-1 (AP-1) 3 and heme oxygenase, 4 mainly through reactive oxygen species (ROS) production. 4, 5 UVB is initially absorbed by DNA and causes direct DNA damage. It was originally thought that sunburn cell (SBC) formation was only the consequence of UVB-induced DNA photodamage under the control of the tumor suppressor protein p53. 6, 7 However, several studies on different cells have shown that UVB also acts as an inducer of death receptors 8, 9 and ROS, 10,11 both of which participate in UVB-induced apoptosis. 12 Thus, UVA and UVB can induce ROS such as the superoxide anion radical (O 2K À ) and hydrogen peroxide (H 2 O 2 ) which could be further converted to the highly reactive hydroxyl radical ( K OH) via the Fenton (
reactions. 13 In order to neutralize these ROS, living cells have acquired various defense systems including non-enzymatic (a-tocopherol, vitamin C) and enzymatic antioxidants. In particular, O 2K À is converted to less reactive H 2 O 2 and O 2 by superoxide dismutase (SOD), an enzyme present in three forms in humans, namely a cytosolic copper/zinc superoxide dismutase (CuZnSOD), a mitochondrial manganese superoxide dismutase (MnSOD) and an extracellular one (EC-SOD). H 2 O 2 is converted to H 2 O and O 2 either by catalase (CAT) located in peroxisomes or glutathione peroxidase located in cytoplasm and mitochondria. 13 Heme oxygenase decreases iron availability and thereby restricts K OH formation. 14 However, an imbalance between ROS-producing levels and the antioxidant defense is in favor of the former upon UV irradiation and leads to cytotoxicity by proteins, lipids and DNA oxidation both in vitro and in vivo. [15] [16] [17] [18] It has been shown that UVA and UVB irradiation of murine skin results in impairment of enzymatic and non-enzymatic antioxidants. 5 In addition, several studies have demonstrated that an increase in antioxidant defense systems can reduce the deleterious effects of UV-induced ROS.
The protective effects of non-enzymatic antioxidant or radical scavenger addition on UVB-, [18] [19] [20] UVA- 20 and UVA þ B- 21 induced damage have been reported. We have recently demonstrated that overexpression of CAT reduces UVB-induced apoptosis in human keratinocytes. 22 Furthermore, a severe disturbance in antioxidant balance with diminished antioxidant enzymes was found in non-melanoma tumors. 23 Taken together, these data suggest that increase in antioxidant defense may protect keratinocytes from UV-induced oxidative stress. Meanwhile, controversial results from various isolated cells point out that in vivo data are necessary to understand the complex of oxidative stress and antioxidant defense in response to UV irradiation. Thus, we decided to investigate the effects of UVA and UVB irradiation on reconstructed epidermis (RE) made with human keratinocytes transduced by CuZnSOD, MnSOD or CAT, because this system is more similar to human skin than keratinocyte monolayers.
Materials and methods

Source of keratinocytes and epidermal reconstruction
Keratinocytes were isolated from normal human skin in patients undergoing plastic surgery as already described. 22 Briefly, fresh skin fragments were immediately cut into 5 Â 5 mm pieces and treated with trypsin-ethylenediaminetetraacetic acid (EDTA) for 3 h at 371C or overnight at 41C in order to separate the epidermis from the dermis. Keratinocytes were seeded at a concentration of 10 5 cells per cm 2 in MCDB153 medium, which included hydrocortisone (0.5 mg/ml), epidermal growth factor (10 ng/ml), insulin (5 mg/ml) and bovine pituitary extract. This medium was changed three times a week. When the culture reached 70-80% confluence, the cells were detached with trypsin-EDTA and then resuspended in MCDB153 medium or were used to reconstruct epidermis.
Preparation of RE
Normal skin samples were cut into 1 Â 1 cm pieces and then kept at 371C for 15 days. Then, dermis was separated from epidermis and conserved at À801C. Normal human keratinocytes were seeded at 4 Â 10 5 cells per cm 2 on the dead dermis. Twenty-four hours later, the dermis was immersed in culture medium for 72 h to allow cell proliferation. Then, it was placed at the air/liquid interface for 7 days to allow differentiation. 24 Construction and production of lentiviral vectors The pRRL.SIN.PPT.PGK.MCS.WPRE and the pRRL.SIN.PPT.PGK.EGFP.WPRE vectors, hereafter termed TPW and TPEW, were a generous gift from D Trono (Universite´de Gene`ve, Switzerland). 25 The vectors (TPCATW, TPCuZnSODW and TPMnSODW, see Figure 1a ) were constructed by inserting CAT, CuZnSOD or MnSOD cDNAs into the multiple cloning site (MCS) of the TPW vector. Expression of enhanced green fluorescent protein (EGFP), CAT, CuZnSOD and MnSOD was driven by the human phosphoglycerate kinase (PGK) promoter. Lentiviral particles were produced by transient transfection of 293T cells as described previously. 26 To determine the titer of each viral vector, serial dilutions were used for transduction of 293T cells. Following transduction, EGFP expression was measured directly by cytofluorimetric analysis. Typical titers after concentration for lentiviral vectors were between 2 Â 10 8 and 2 Â 10 9 /ml. Enzyme-linked immunosorbent assays of p24 were used to determine the concentration of viral p24 protein in the different viral supernatants. By comparing the p24 of different supernatants and specific titers of EGFP, the titration of different viral supernatants was determined.
Transduction of keratinocytes A total of 5 Â 10 5 cells were plated in T25 flasks and incubated for 24 h in complete medium. Before infection, medium was removed and cells were infected with viral supernatants for 24 h at 371C in the presence of 8 mg/ml protamine sulfate. After 5 days, the cells were trypsinized and used to prepare RE. Before reconstruction, the percentage of EGFP-positive cells was analyzed by cytofluorimetry.
Irradiation procedure UVB and UVA irradiation was delivered with a Biotronic device (Vilber Lourmat, Marne la Valle´e, France) equipped with a dosimeter as already described. 21, 22 Briefly, the UVB lamp emitted a continuous spectrum between 280 and 380 nm with a major peak at 312 nm. The UVA lamp delivered UV in the range of 312-400 nm with a major peak at 365 nm. After rinsing in phosphatebuffered saline (PBS), RE were irradiated at a dose of 180 or 220 mJ cm À2 UVB and at a dose of 10 J cm À2 UVA. These doses were chosen after preliminary tests in order to induce significant levels of apoptosis (20 and 40%) in the basal layer of normal RE. Following irradiation, samples were rinsed in PBS and incubated in fresh medium.
Histological and immunohistochemical studies
Reconstructs were fixed in 4% formaldehyde, embedded in paraffin, cut in 5 mm sections and stained with hematoxylin-eosin to assess the general morphology of the epidermis and the amount of SBCs. We counted 100 cells each time on 10 different areas for quantification of SBC. The sections of epidermis reconstructed with keratinocytes transduced by EGFP (RE/EGFP) were counterstained with hematoxylin and analyzed under fluorescence microscopy to quantify transduction. The monoclonal antibody against CAT (Rockland, Tebu-Bio, Le Perray en Yvelines, France) was also used for this purpose. DNA oxidation was detected 1 h after UVA irradiation with a monoclonal anti-8-oxodeoxyguanosine (anti-8-oxodG) antibody (RD systems, Lille, France) according to the manufacturer's recommendations. Accumulation of p53 protein was detected 24 h after irradiation using anti-human p53 antibody (clone DO-7 Dako, Trappes, France). We used the EnVision þ HRP Kit (Dako, Trappes, France), which enhances staining sensitivity.
Determination of CAT, MnSOD and CuZnSOD activities
Frozen reconstructs were thawed. The epidermis were separated from dermis, homogenized with a Potter homogenizer in 0.1 M Tris-Cl (pH 7.5) and then sonicated for two 30-s bursts. After 10 min of centrifugation at 12 000 g, aliquots of the obtained supernatant were stored at À801C. The total protein content of each epidermis was measured by the BCA kit Reagent (Pierce, Bezons, France). SOD was assayed by using the SOD assay kit-WST (Dojindo Molecular Technologies, Gaithersburg, MD). To determine MnSOD activity, KCN (2 mM) was added to the mixture to inhibit CuZnSOD activity. CAT was measured by Amplex Red Catalase Assay Kit (Molecular Probes, Invitrogen, Cergy-Pontoise, France). Standard curves for the enzymatic activities of SOD and CAT were plotted using purified enzyme preparations. Enzyme-specific activities were expressed as U/mg protein in epidermis homogenate. One unit of CAT activity was defined as 1 mmol H 2 O 2 consumed per minute. One unit of SOD activity was defined as the amount of enzyme that inhibits 50% of WST-1 formazan formation per minute.
Quantification of proteins by Western blot
Equal amounts of total protein were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (12% gel) and electrophoretically transferred to a polyvinylidene difluoride (PVD) membrane at 1. dry milk in Tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h at room temperature in a shaker, the blots were incubated at 41C with 1:1000 dilution of the antibody anti-CAT (Rockland, TEBU), anti-MnSOD (Santa Cruz Biotechnology, Tebu-Bio, Le Perray en Yvelines, France) or anti-CuZnSOD (Santa Cruz Biotechnology, TEBU). The blots were washed with TBS-T (3 Â 10 min) 16 h later and incubated at room temperature with 1:1000 dilution of anti-immunoglobin horseradish peroxidase-linked antibody (Vector Laboratories, Biovalley SA, Marne la Valle´e, France) for 1 h. The chemiluminescence ECL Reagent was used to develop the blots after washing the membrane three times for 10 min with TBS-T and twice with TBS alone.
To determine the activation of caspase-3 and the accumulation of serine-15 phosphorylated p53, epidermis were separated from dermis, homogenized with a Potter homogenizer in lysis buffer (25 mM N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid, pH 7.4; 150 mM NaCl; Triton X-100 1% v/v) and then incubated at 41C for 30 min. After 10 min of centrifugation at 12 000 g, aliquots of the supernatant were stored at À801C. Total protein content of each epidermis was measured by the BCA kit Reagent (Pierce, Bezons, France). Western blot was carried out as mentioned above with caspase-3 monoclonal antibody (Cell Signaling Technology, Tebu-Bio, Le Perray en Yvelines, France) or anti-human serine-15 phosphorylated p53 (Cell Signaling Technology).
Statistics
Student's t-test was applied for statistical evaluation. Pvalues o0.05 were considered significant. Results are presented as means7s.e.m. of five independent experiments.
Results
Transduction of normal human keratinocytes with lentiviral vectors leads to an increase in CAT-, MnSOD-and CuZnSOD-specific activities and proteins Among various gene transfer techniques for overexpression of antioxidant enzymes in primary human epidermal keratinocytes, we used vectors based on the human immunodeficiency virus because of the very high efficiency and sustained expression of transgenes by this system. [27] [28] [29] First of all, normal human keratinocytes in monolayer culture were transduced with the different vectors expressing EGFP (TPEW), CAT (TPCATW), MnSOD (TPMnSODW) and CuZnSOD (TPCuZn-SODW) (Figure 1a) . The percentage of EGFP-positive cells was determined by cytofluorimetry 5 days posttransduction and was between 85 and 95% (Figure 1b) , demonstrating a very high efficiency of this lentivector in keratinocytes. This expression was maintained after 15 days (data not shown). All vectors transmitted an intact provirus, as shown by the appropriate-sized single proviral bands obtained in a genomic Southern blot analysis (Figure 1c ). To verify that the genes transferred by lentivectors were expressed and properly translated into active proteins, corresponding enzyme activities were measured after 5 days of culture (Figure 2a, b and c) . In the cells transduced by CAT, MnSOD and CuZnSOD or co-transduced by CAT and CuZnSOD, activity of the respective enzymes was highly increased compared to the non-transduced cells. Our results showed that transduction of cells by the CAT-expressing vector did not affect SOD activity or vice versa. Western blot analysis revealed that increased enzyme activities were correlated with an increase in the corresponding proteins (Figure 2d ).
Epidermis reconstructed with different transduced keratinocytes reveal efficient expression of transgenes We next examined whether transduced keratinocytes are capable to develop into a fully stratified epidermis with basal, suprabasal, granular and cornified layers. Histology of the normal RE made from all genetically modified keratinocytes revealed an architecture similar to the nontransduced RE (Figure 3a) .
To determine whether the genes transferred by lentivectors were expressed in RE, we assessed expression of EGFP and CAT by fluorescence microscopy and immunohistochemistry, respectively. Activities of antioxidant enzymes were also measured for this purpose. EGFP fluorescence was absent in epidermis reconstructed with non-transduced keratinocytes ( Figure 3b ) and was intense in epidermis made with EGFP-transduced keratinocytes (Figure 3c ). By immunohistochemistry with CAT antibody, we found that cells overexpressing CAT were located in all the layers of RE (Figure 3d and e). Measurement of antioxidant enzymes revealed that in epidermis reconstructed with cells transduced by CAT (RE/CAT) or co-transduced by CAT and CuZnSOD (RE/ CuZnSOD þ CAT), CAT activity increased 9.4-and 9.1-fold, respectively. In RE/CuZnSOD and RE/CuZn-SOD þ CAT, CuZnSOD activity increased 7.7-and 8-fold, respectively. In RE/MnSOD, MnSOD activity increased 7.4-fold (Figure 4a, b and c) . Overexpression of antioxidant enzymes in different types of RE was clearly demonstrated by Western blot (Figure 4d) . Interestingly, CAT activity was more than 10-fold higher in normal RE than in keratinocytes grown in monolayer culture (see Figures 1b and 3a) . In fact, CAT activity in RE was similar to that found in biopsies from human epidermis (353782 U/mg of protein for human epidermis compared to 3717100 U/mg for RE). This result was confirmed by Western blot ( Figure 5) .
Following UVB or UVA irradiation, CAT activity decreases in RE with overexpression of SOD enzymes To study the effects of UVB (180 or 220 mJ cm ) irradiation on antioxidant enzymes in different RE, activity of CAT, CuZnSOD and MnSOD was measured in different RE (Figure 4a, b and c) . Twenty-four hours after UVB irradiation, CAT activity transiently increased 1.7-to 2.2-fold in epidermis reconstructed with non-transduced cells (RE/NT) or transduced by an empty vector (RE/TPW) and was markedly decreased in the epidermis overexpressing SOD (Figure 4a ). By contrast, CuZnSOD and MnSOD activities did not show any significant changes in the different irradiated epidermis compared to the corresponding non-irradiated (nIr) ones.
Twenty-four hours after UVA exposure, there was no difference in specific activity for MnSOD and CuZnSOD in all types of RE compared to the corresponding nIr RE. By contrast, a marked decrease in CAT activity was found in RE with overexpression of SOD after UVA exposure (Figure 4a, b and c) .
Overexpression of CAT decreases UVB-induced apoptosis in RE One of the major biological features of UVB is the induction of apoptotic cell death of keratinocytes, which appear as SBC within the epidermis. To investigate the effect of antioxidant enzyme overexpression on apoptosis, formation of SBC following UVB exposure was detected by classical histology (Figure 6a ) and quantified in all types of RE (Table 1) . For the two different doses of UVB (180 and 220 mJ cm À2 ), the number of SBC in RE/CAT and RE/CuZnSOD þ CAT was lower (approximately 40%) than the number found in RE/NT. A slight reduction (20%) in total SBC formation was observed in RE/CuZnSOD irradiated at 180 mJ cm À2 . The number of SBC in RE/MnSOD was similar to that in controls (RE/NT and RE/TPW). We then calculated the percentage of SBC within each layer of epidermis (Table 1) . SBC appeared in the basal layer and stratum spinosum for control epidermis and epidermis overexpressing both SODs. For epidermis overexpressing CAT, there was a marked (75-80%) decrease in SBC in the basal layer, but surprisingly the same number of SBC remained in the stratum spinosum. In all types of RE, a very low number of SBC were present in the stratum granulosum (data not shown). To assess the global rate of apoptotic cells (SBC) in different RE, we looked at the activation of caspase-3 by specific antibody staining. Immunoblot analysis revealed again that there was a clear decrease in activation of caspase-3 in the epidermis overexpressing CAT compared to the controls (Figure 6b ). This result was specific for CAT and was not found with the overexpression of the two forms of SOD. To investigate whether reduction in UVB-induced apoptosis upon CAT overexpression is associated with decrease in DNA damage, total p53 and serine-15 phosphorylated p53 proteins were assessed (Figure 6c and d) . Immunohistochemical analysis on RE 24 h after UVB irradiation demonstrated that accumulation of p53 was significantly reduced in epidermis overexpressing CAT. Western blot analysis revealed that the level of serine-15 phosphorylated p53 was lower in RE/CAT than RE/NT. These data indicate that UVBinduced DNA damage and consequently p53 induction were reduced by CAT overexpression.
Overexpression of CAT decreases UVA-induced cellular hypertrophy and DNA oxidation in RE Because UVA irradiation constitutes over 90% of solar UV at ground level, it may be the most important contributor to UV-induced carcinogenesis. Thus, we studied the effect of UVA on different RE. UVA irradiation induced hypertrophy (swelling of cell cytoplasm) and disorganization of basal keratinocytes in control RE and RE/SOD (compare Figures 3a and 7a) . The level of hypertrophy was considerably reduced in RE/ CAT and RE/CuZnSOD þ CAT compared to other RE (controls, RE/CuZnSOD and RE/MnSOD) with an appearance of normal, nIr epidermis. Furthermore, we observed a few SBC in all types of RE other than RE/ CAT, where these cells were absent. Analysis of caspase-3 activation was not possible because of the low content of apoptotic cells after UVA irradiation (Figure 6b ). The cellular processes leading to UVA-induced DNA damage are mediated by ROS production leading to oxidative DNA modifications such as formation of 8-oxodG. (Table 2) .
Discussion
Being the first line of defense against oxidative damage induced by environmental factors such as UV irradiation, the skin is equipped by a well-established cellular antioxidant defense system. This system is composed of multiple low molecular weight components (such as atocopherol and ascorbic acid) and several enzymes (such as CAT and SOD). Owing to their mutual interactions and their action in different cellular sites, the elucidation of their roles is difficult. Our present study focused on the respective roles of CAT, MnSOD and CuZnSOD in the protection of RE against deleterious effect of UVA and UVB irradiation. cultured keratinocytes or RE. Using mouse epidermal JB6 cells, Amstad et al. 30 reported that overexpression of CuZnSOD had no effect on CAT activity or vice versa. The results of Takahashi et al. 31 in simian virus 40-transformed human keratinocytes (SVHK) showed that overexpression of CuZnSOD increased activity of CAT but did not alter MnSOD activity, whereas overexpression of MnSOD did not affect activities of CAT and CuZnSOD. However, it is difficult to compare CAT activities in keratinocytes, JB6 cells and SVHK.
We found that CAT activity was lower in keratinocytes than in RE. This was probably due to a lower level of CAT in the basal layer (corresponding to keratinocytes in culture) than in the more differentiated layers present in the RE (see Figure 2c) . However, it is important to point out that we found similar levels of CAT in RE compared to normal epidermis (E).
In the epidermal samples tested 24 h after UVB or UVA irradiation, CuZnSOD and MnSOD activities did not change as compared to the corresponding nIr epidermis. Several studies have shown that CuZnSOD and MnSOD activities transiently change following UVB irradiation Catalase β-actin E RE KER Figure 5 Comparison of the level of CAT in keratinocytes, RE and normal human epidermis (E). Western blot analysis for CAT was performed with lysates of cultured keratinocytes (Ker), RE and biopsy of human epidermis (E).
and then gradually recover to baseline levels 24 h after irradiation in keratinocyte cell lines 22, 32 and in murine skin. 16 Our results indicated that CAT activity was transiently increased in irradiated control epidermis (non-transduced and mock-transduced cells) compared to nIr control ones and was highly decreased in the epidermis overexpressing SOD. To explain the latter finding, we hypothesize that an intense increase in H 2 O 2 levels following irradiation in epidermis overexpressing SOD leads to a downregulation of CAT or its inhibition by oxidation.
SBC are induced in the epidermis by UVB and are histologically considered as apoptotic cells. We observed a reduced formation of SBC in RE overexpressing CAT (40%) and CuZnSOD (18%) compared to control RE, whereas overexpression of MnSOD had no protective effect. Our previous results implicating protective effects of CAT overexpression against UVB-induced apoptosis in normal human keratinocytes are in agreement with these observations. 22 Furthermore, these findings are consistent with observations reported by Takahashi et al. 31 demonstrating a protective role in UVB-induced apoptosis in SVHK overexpressing CuZnSOD but not MnSOD. We confirmed our results by caspase-3 assay, which is a validated and accurate method to measure the induction of apoptosis. [33] [34] The reduced activation of caspase-3 in RE/CAT and RE/CuZnSOD þ CAT confirms the protective role of CAT against UVB-induced apoptosis. (Figure 2c ) could explain this sensitivity to UVB-induced ROS production. Apoptosis is the major mechanism preserving the cellular homeostasis and thus preventing skin carcinogenesis. To determine whether reduction of UVB-induced apoptosis by CAT overexpression allows keratinocytes with DNA damage to survive and undergo subsequently malignant transformation, we compared p53 accumulation in RE. The tumor suppressor protein p53, which functions as a latent, short-lived transcription factor, 36 accumulates following various stresses including DNAdamaging agents, oxidative stress and UV irradiation. [37] [38] [39] p53 transcriptionally activates genes encoding proteins involved in cell cycle arrest, DNA repair and/or apoptosis, and represses transcriptional activation of growth-promoting genes. [40] [41] Our results showed that CAT overexpression reduced the accumulation of p53.
Stabilization and functional activation of p53 occurs in response to DNA damage via a complex mechanism. One of these mechanisms is protein phosphorylation at N-and C-terminal residues, especially at serine-15 by which interaction of p53 with its negative regulator, MDM2, is abolished. [37] [38] [39] [40] [41] [42] Western blot analysis of serine-15 phosphorylated p53 showed that overexpression of CAT downregulated this protein in normal RE. The interaction between UV irradiation and DNA produces a number of oxidative 43, 44 and non-oxidative lesions. 1, 45, 46 Among various types of DNA damage, cyclobutane pyrimidine dimers (CPD) or 6-4 photoproducts are believed to be the major type of damage resulting from UVB exposure. Studies of UVB-induced CPD in our system indicated that overexpression of CAT did not affect CPD formation in normal epidermis (data not shown). In the same way, Kulms et al. 47 reported that addition of the radical scavenger pyrrolidene-dithiocarbamate on HeLa cells before irradiation does not reduce the level of UVBinduced CPD. As CPD is overall a non-oxidative product of UV upon DNA, it was not unexpected that CAT overexpression had no effect on it. However, the significant effect of CAT on reduction of UVB-induced apoptosis without affecting the major type of UVBinduced DNA photoproduct, that is, CPD formation, is surprising. We have recently demonstrated that UVB induces ROS production at two distinct chronologic stages and that the second increase in ROS levels, which persists for some hours, is completely prevented in keratinocytes overexpressing CAT. 22 Thus, the protective effect of CAT overexpression may be due to the mitigation of DNA damage caused by the late increase in ROS levels. It is also likely that CAT affects the cellular redox status, leading to a modulation of gene expression through the activity of various transcription factors such as nuclear factor-kB, Fos, Jun, Myb 48 and p53. 49 Consistent with this hypothesis, it has been reported that UVB-induced ROS are involved in transcriptional activation of AP-1, 50 increased production of matrix metalloproteases 51 and also biosynthesis and activation of transforming growth factor-b. 52 We demonstrated that UVA-induced hypertrophy was decreased by the overexpression of CAT (but not by the overexpression of CuZnSOD or MnSOD). This abrogation of UVA-induced hypertrophy may be due to an inhibition of the UV-induced increase in ornithine decarboxylase (ODC) already shown in human 53 and in mouse epidermis. 54 Both keratinocyte hypertrophy and the increase in ODC induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) (enhancer of H 2 0 2 formation) or TPA þ UVA were prevented by the ROS inhibitor 1 0 -acetoxychavicol acetate 55 or by a vegetal antioxidant. 56 It is well known that UVA does not interact directly with DNA, but instead appears to contribute to DNA damage through ROS, resulting in oxidative DNA modifications, including the formation of 8-oxodG, protein-DNA crosslinking, base loss and strand breaks. 1, 46 Decrease in UVAinduced DNA oxidation (8-oxodG) in RE overexpressing CAT is consistent with this notion. Comparing the effects of UVA and UVB on RE in our system indicated that induction of caspase-3 activation and formation of SBC were markedly lower following UVA irradiation as compared with UVB irradiation ( Figure 5) . Furthermore, accumulation of p53 occurred following UVB, but not UVA, exposure (data not shown). These findings are consistent with the existence of distinct responses to UVA and UVB irradiation in keratinocytes. [57] [58] [59] In summary, this study establishes that CAT gene transfer can prevent a sizable part of the deleterious effects of both UVA and UVB irradiation on normal skin by reduction of UV-induced DNA damage as well as regulation of gene expression or cascade activation via cellular redox modulation. To confirm the effectiveness of CAT overexpression in reduction of UV-induced apoptosis as well as the risk of photocarcinogenesis, the study of xenografted reconstructs on tolerant mice 60 exposed to chronic irradiation as well as clinical trials using topical delivery systems at the protein level are necessary.
Conclusion and perspective
Non-melanoma skin cancers are among the most prevalent cancers in humans. Owing to their rising incidences, it is necessary to develop approaches to prevent and treat these cancers. One strategy can be the reinforcement of antioxidant enzymes especially CAT. Production of ROS following UVA or UVB irradiation, 10 ,11 impairment of the natural antioxidant defense upon UVA or UVB exposure, 5 participation of free radicals in all steps of carcinogenesis, 61 a severe disturbance of antioxidant balance with diminished antioxidant enzymes in non-melanoma (BCC, SCC) tumors, 23, 62 correlation between deficiency in CAT activity with the appearance and intensity of tumor phenotype expression in human keratinocytes 63 and inhibition of carcinogenesis with supplementation of antioxidants 64 support this hypothesis. This approach can be accomplished using topical delivery systems at the protein or gene level.
This strategy might also be suitable to test in severe photosensitive skin disorders such as xeroderma pigmentosum, a human cancer-prone disease with a recessive gene defect in nucleotide excision repair in which a reduction of CAT activity has been reported. 65 Abbreviations CAT, catalase; CPD, cyclobutane pyrimidine dimer; CuZnSOD, copper/zinc superoxide dismutase; E, epidermis; MnSOD, manganese superoxide dismutase; NT, non-transduced; nIr, non-irradiated; ODC, ornithine decarboxylase; 8-oxodG, 8-oxodeoxyguanosine; RE, reconstructed epidermis; SBC, sunburn cell; SVHK, SV40-transformed human keratinocytes.
